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*  The  Pb-H^O-So^  Pourbaix  diagram  was  investigated  by  exscs- 

I  mine  potent lostaticaily  oxidized  lead  sisples  rising  Hasan  and 
:  infrared  spectroscopy.  In  O.i  H  sulfate  solutions  si*rface  fila 
compositions  were  not  in  complete  agreesent  with  predictions 
of  the  calculated  potential  -p3  diagras.  The  ?oui±>aix  diagras 
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20.  Abstract  (cont.J 

did  not  predict  the  forration  of  PbO  under  any  conditions;  how¬ 
ever,  si>ectra  indicated  the  presence  of  the  oxide  at  certain 
potentials  in  acid  and  neutral  solutions  and  at  all  potentials 
above  tl.e  isniinity  recion  in  basic  solutions.  Spectroscopic 
identification  of  insclx^ble  surface  sp>ecio.«  was  in  agreeiaent  with 
potentiodynanic  polarization  curves. 


\ 


Laser  Panar*.  spectroscopy  can  unar-£bicix3usly  identify  the 
cor:5>ounds  present  in  aqueous  corrosion  product  fiirss  on  retai 
surfaces.  It  can  be  used  to  analyze  insoluble  surface  layers 
in  situ  without  reroving  a  setal  sacple  fres  the  corrosive 
solution  with  which  it  is  reacting  (1-3).  The  ability  to  iden¬ 
tify  surface  species  without  chiuiqing  the  environrent  naices  this 
technique  ideal  for  experizaental  confirmation  of  theoretical 
?ourbaix  dlagrars,  which  identify  the  lowest  energy  species  for 
any  given  set  of  conditions. 

In  situ  Raran  spectroscopy,  in  corbinaticn  with  the  cocple- 
nentary  technique,  reflection-absorption  infrared  spectroscopy, 

.►■as  been  used  to  study  the  Pourbaix  diagrams  for  the  Pb-H^O  and 
Pb-JUO-ci  systers  (1,2'  .  Potent! ©static  exposures  of  lead  elec¬ 
trodes  were  conducted  in  buffer  soluticas  and  the  resulting  sur¬ 
face  flics  were  analyzed  spectrosccpicaliy .  The  corpounds  co5>- 
prisinc  the  surface  corrosion  product  files  were  only  in  partial 
agreement  with  Pouihaix  diagram  predictions.  In  the  present  re¬ 
search  sieple,  unbuffered  solutions  were  used  for  electrochemical 
exposures  to  find  if  experimental  results  would  be  closer  to 
those  predicted  by  therrocynacics  if  the  solutions  did  not  contain 
the  exrra  dissolved  species  of  the  buffer  systii:^  used  previotisly. 

The  behavior  of  l^'ad  in  sulfate  solutions  has  been  studied 
extensively  due  ro  the  widespread  use  of  lead-acid  storage  bat¬ 
teries.  For  this  reason,  the  preponderance  of  experimental  work 
has  involved  the  reactions  of  lead  with  sulfuric  acid,  and  very 


le  research  on  lead  in  neutral  or  basic  sulfate  solutions 
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has  been  conducced-  Pourbaix  diagrans  for  lead  in  aqueous  sul¬ 
fate  solutions  have  been  calculated  (4-6) .  Sons  efforts  have 
been  made  to  verify  the  theoretical  predictions  experir«ntally , 
although  experisaental  sulfate  exposures  have  been  confined  to 
the  acid  cuid  neutral  regions  of  the  diagras  (4,7).  The  present 
report  describes  infrared  and  Rarian  spectroscopic  results  fror* 
systecatic  exposture  of  lead  sarples  in  0.1  H  sulfate  solutions 
lender  conditions  covering  a  large  part  of  the  Pourbaix  diacrar!. 


EXPERI.MSNTAL 


Ranan  spectra  were  recorded  with  a  Spex  Industries  Model 
1401  double  laonochrociator  using  a  photon  coiinting  detection 
syster;.  A  Coherent  Radiation  Laboratories  Model  CR-l  argon 
ion  laser  was  used  as  the  excitation  source.  Both  the  488.0 
and  514.5  nn  wavelength  laser  lines  were  used,  and  the  power 
at  the  sarple  was  app’'oxirv  cely  500 

Infrared  reflection-absorption  spectra  were  obtained  with 
3  Kilks  Scientific  Corporation  Model  9  multiple  spec'jlar  reflec 
tier,  attachment  in  both  the  sarple  and  reference  bearss  of  Perki 
Elcer  Mocsl  521  infrared  spectrophotoseter  equipiped  with  a  crat 
ing  poiarizer.  retails  of  the  special  electrochemical  celi  and 
instnrsentaticn  used  for  controlled  potential  sarple  exposures 
are  contained  in  a  previous  report  (1) . 

Lead  foil  (1.6  m  thick)  stspplied  by  ?lfa  Prodi'.cts.  Inc., 
at  greater  than  99%  purity  was  used  for  this  investigatior .  It 
was  cut  into  2.8  x  5.7  cs  rectangles  to  fit  the  sarple  holder 
of  the  electrochemical  celi.  This  size  was  also  required  for 
the  infrared  reflec  ion  attachment.  Prior  to  olacinc  a  lead 


-3- 


sarple  in  solution,  it  was  insersed  in  warn,  concentrated  arsatniun 
acetate  solution  for  5  sinutss  to  dissolve  the  surface  layer, 
leavinc  a  clean,  silvery  sai^pie.  The  deem  lead  sanple  was 
washed  with  distilled  water  and  irr'edianely  placed  in  the  ex¬ 
posure  solution. 

The  three  solutions  used  were  nade  fro?  reagent  grade  cotr- 

oounds.  The  acid  solution  was  0.1  M  K.,SO . .  The  neutral  solu- 

tion  chosen  was  0.1  H  K^SO^  which  has  a  pH  of  approxinately  6.5, 

and  for  exoosure  ir  basic  solution,  a  solution  of  0.1  M  K.SO.  and 

2  4 

0.004  y  KOH,  giving  an  approxinate  pH  of  11,  was  used. 

The  electrochesicai  cell  filled  with  solution  was  puraed 
With  dry  nitrogen  for  30  ninutes  before  and  throughout  the  con- 
trcl'.ed  potential  exposures.  The  potential  of  che  lead  working 
electrode  was  hei .*  constant  relative  to  the  saturated  calo5=5sl 
tefe”r-''..e  electrode  oy  a  Wenkinc  .vodel  IT73  potenticstat  tor 
oC'riods  rangin':  fror  l/'4  to  21  hours.  Upon  cop-pletio?:  of  --in  ex* 
^eri'xi,  an  in  situ  Razsan  jpectrusa  was  recorded.  The  e*s?- 


cle  was  tnen  reroved  ftco.  the  cell,  vushed  th'.rouchiy  with  dis¬ 


tilled  water,  and  aliowe-i  to  drj'  in  air^  The  dry  sasple  was  re¬ 
turned  the  Raran  tresseter  for  ^^jcasination  and  then  analyzed 

by  the  spectrophctcjsets:  . 

So~e  es'c-sirs?  w^r.-e  cor.ductt-"!  or  lead  fiios  which  were  vacor 


cet-os  1 


^  ^  /^r*  *■  ' 


-id  substrates  -^r.  cW.ss  picroscope  slides.  These 


satgjies  trie  lead  to  -.'i  c-'-'pietely  oxidized  leavinc  a  non- 

rc-acted  gold  rirrcr  substrate.  ’>>6  thickness  of  oxidized  lead 
fiip.s  cn  such  sarples  was  rcasurer.  by  a  Taylstei>-1  stylus  type 


orcfile  instrursent. 


RESULTS  AKD  DISCUSSION 


The  Pourbaix  diagreua  for  the  iead-water-sulfacs  systen  was 
calculated  using  the  relationships  used  by  Ruetschi  and  Angsradt 
(4)  but  errploying  isore  recent  values  for  the  free  crsercy  of 
forcation  of  sorae  species  {8).  The  newer  therrodyneusic  data, 
susssarized  in  Table  I,  catised  only  snail  changes  in  the  posi¬ 
tions  of  the  ?bO-PbSO,  equilibria  lines,  A  sulfate  ion  activity 

•* 

of  0.1  was  used  for  the  calculations  resulting  in  the  Pourbaix 
diagran  shown  in  Figure  1, 

Electrochenicai  exposures  were  carried  out  in  solutions  of 
the  desired  pH  which  were  0.1  eolar  in  sulfate.  The  solutions 
used  gave  pH  values  of  ai»roxirately  1,  6.5,  and  1 1  tc  ei’cv 
observation  of  the  reactions  of  lead  over  a  wide  portion  of  the 
Pourbaix  diagrar-.  !«e-isureir<  .it  of  solution  pK  before  and  after 
potentiostatic  exposures  shewed  that  the  pH  rerai..ed  fairly 
constant,  i.e.,  not  chance  by  nore  than  0.6  aftet  as  long 

as  twentj-four  hours. 

In  order  tc  provide  an  experimental  basis  for  choosing  ex¬ 
posure  potentials,  potenticdynaric  polai izarion  curves  were  re¬ 
corded  for  lead  in  the  three  solutions  selected  fer  exposures. 
Polarization  curves  vere  recorded  with  a  relatively  slowly  chanc¬ 
ing  potential  of  40  sV/riin  to  allow  the  forrcation  of  a  relatively 
thick  oxidation  product  filra,  a.s  would  be  encountered  in  poten- 
tiostatic  oxidation. 

The  polarization  curves  are  shown  in  Figure  2.  They  are 
rather  similar,  each  has  a  strong  wava  at  approximately  -3.25  V 

NKEl  as  its  major  feature.  These  waves  mark  tte  transitirr. 


froa  reduct:ion  to  oxidation,  i.e.  ,  the  upper  lindt  of  the  irrainity 
rticion.  In  accordance  with  the  Pcurbaix  diacraa,  the  potential 
of  such  a  transition  decreases  as  pl{  increases.  The  oxidative 
wave*  was  observed  at  -0.23  V  in  pH  l,-0.27  V  in  pH  6.5,  and 
-C‘.30  V  in  pH  li  solution.  The  positions  of  these  waves  are 
in  general  a-g»-ee7tent  with  the  ?b  to  ?b5C,  and  Pb  to  PbO*PbSO, 
tiansitions  of  the  Pourhaix  diagram. 

Potentials  used  rcr  lea«.'  exposures  were  <■  r«osen  so  that  at 
least  cns  was  located  in  each  region  of  the  theoretical  Poxirbaix 
diagras:  and  in  all  potential  regions  ^jh-sre  tnc  poisrisatice  curves 
indicatec  the  possible  forsation  of  different  species.  The 
exposure  conditions  selected  and  the  resulting  spectra  obtained 
froT^  tnese  potentioscatic  oxicationi.  are  s  irrsarized  in  Table  II. 
pH  1  Exposures:  In  the  0.1  H  H..S0.  solution.*;  used  to  attain  ac’.dic 
conditions,  lead  is  stable  at  lew  potentials,  but  it  is  oxidited 
to  lead  sulfate  at  higher  porAtr.tials  {4,9,iC;.  After  formation 
of  a  surface  sulfate  til-  chick  enoug.h  za  ^'inder  reaction-:  of 
lead  with  solution  species,  layers  of  PbO  or  basic  lead  sulfates 
develop  under  the  self  •.te  filK  at  potentials  of  -^0.32  V  and  higher 
.Although  the  formatio*'.  of  »inderiying  oxide  layers  was 
not  considered  in  tie  calculation  of  the  Pourbaix  diacran,  the 
ve_-y  weak  wave  at  -^0.34  v  _..  the  n.«  i  polarization  curve  siay 
indicate  the  cor jencenent  of  formation  of  another  corpound  beneath 
tho  sulfate  fiir. 

Potrr.t lostatir  exposures  of  lea-i  in  0.1  sulfuric  acid  formed 
surface  f*-rs  whose  ccrpositicns  agreed  well  with  X-rsy  diffraction 
work  by  Pavlov  and  lo-danov  ill).  Raoan  and  infrared  spectre- 


•5 
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scopic  results  indicate  three  ranges  of  potential:  isaunity, 
lead  sulfate,  and  a  lead  sulfate-lead  taonoxide  region. 

At  potentials  below  -Q.2*l  V,  ead  appaared  to  be  irttune 
to  oxidation.  An  insoluble  surface  layer  was  not  detected  by 
in  situ  Raisan  spectroscopy,  samples  regained  clean  <.nd  shiny, 
and  Ctirrent  flow  was  in  the  reducing  direction.  When  sasples 
exposed  in  this  region  were  washed  and  allowed  to  dry,  a  non- 
uni  fom,  light  gray  surface  coating  appeared.  Infrared  spectra 
..-cntified  the  surface  layer  corpositicn  as  lead  sulfate  and 
orthohot±)ic  PbO.  Hanan  spectra  of  dry  sasmle  surfaces  confirned 
this  finding  but  shewed  that  tue  sulfate  and  oxide  were  not 
found  together  but  were  occupying  separate  parts  of  the  sasple 
surface.  The  appearance  of  these  conpeunds  probably  results 
frop.  precipitation  of  dissolved  lead  coepounds  after  rerovai  of  the 
applied  potential  (2).  Tn  the  generally  reducing  conditions  of 
this  region,  it  is  unlikely  chat  any  lead  would  be  directly 
oxidized  at  the  electrode  surface  during  the  potentiostatic  ex¬ 
posure.  The  formation  of  PbO  and  lead  sulfate  is  probably  a  re¬ 
sult  of  the  sai:ple  resovai,  washing,  and  drying  process. 

At  potentials  higher  than  the  -0.23  V  wave  of  the  polariza¬ 
tion  curve,  net  current  flow  was  in  the  oxidizing  direction  and 
spectra  showed  that  lead  sulfate  was  foraed.  Oxidation  at  -0.26  V 
and  -0.02  V  resulted  in  ?bSO,  files. 

Exposure  at  potentials  higher  than  the  wave  at  -»-0. 34  V  gave 
surface  files  identified  as  tetragonal  PbO  and  PbSO^,  in  agreerent 
with  the  findings  of  earlier  research  (11,12'.  A  Paean  spectrus 
of  the  file  in  this  potertial  region  is  cerpared  with  one  of  a 
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purely  PbSO^  film  and  vith  the  spoctrma  of  reagent  grade  PbSO^ 
powder  in  Figure  3. 

Although  it  was  not  possible  to  seasure  the  relative  asounte 

of  PtO  and  ?bSO^  in  the  surface  filias  frc?2  thsir  spectra,  just 

as  it  is  iisxsssibie  to  laeasure  fils  thickness,  observation  of 

strong  tetragonal  ?b0  spectra  gave  an  indication  of  the  thickiiess 

of  fiiss  analyzed  by  these  techniques,  Ruetschi  (9)  developed 

a  iscdel  for  the  ?bO/?bSO,  two  ohase  files  ^onaed  by  oxidation  of 

•1 

lead  in  sulfuric  acid  solutions.  He  ass'oesd  that  a  surface  filn 
with  a  thickness  on  the  order  of  a  nicron  was  needed  before  any 
»jnderiying  tetragonal  PbO  could  fors  {4)  ,  Slectrochemi cal  eeasure- 
sents  and  calculations  based  on  ion  diffusivity  in  the  filfis 
ceterclnec  that  a  24  hour  exposure  of  lead  in  4.2  M  E^SO^  in  the 
range  of  -f-0.2  to  +1,1  V  wotjld  give  a  fils  consisting  of  rnc  mirron 
of  lead  sulfate  covering  one  siicron  of  tetragonal  PoO.  The  atility 
to  record  strong  spectra  of  the  underlying  layer  of  PbC  give5 
indication  that  ?,aE’an  and  infrared  spectroscopy  Ccin  exauaine  the 
entirety  of  filns  with  thic)cnesses  on  Uie  order  of  a  nilcror., 
pH  6,5  Exposures :  The  iead-water-su\fate  Feurbaix  diagrari  pre¬ 
dicts  that  in  a  pH  6,5,  0.1  .M  sulfate  solution  lead  shoa.ld  be 
stable  at  potentials  below  -0.3V,  PbO-,  should  fora  2ibovf.  +0.5  V, 
and  rbSO^  should  be  foxind  at  potentials  in  between.  Tt.e  lower 
transition  was  observed  in  the  polarization  curve  for  lead  in 
the  0.1  .M  K-SO^  solution  used,  but  the  tranaition  to  PbO^  was 
not  observed.  The  polarization  curare  shews  a  weak  vave  at  +0.06  V 
which  does  not  corr£spo.iG  to  any  feature  of  the  Pourbaix  diagraua. 

rotentiostatic  exposures  resulted  in  filcss  with  compositions 
vhicf  were  in  better  agreerjent  with  the  polarization  curve  than 

1 
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with  the  Poerbaix  diagra”.  Expos?u-e  at  potentials  belov  the 
-0-27  y  vave  resulted  in  issunity-  Current  flcra  vss  in  the 
reducing  direction,  the  surface  rersained  clear,  and  shiny,  and 
no  spectra  vare  obtained  in  so'ution  or  in  air.  Higher  poten¬ 
tials  resulted  in  oxidation  of  the  lead  electrode  and  forssation 
of  insoluble  surface  files.  Fii^  consisted  of  lead  sulfate 
up  to  -0.24  V  .and,  above  that,  tetragonal  PbC  covered  the  saisple 
surfaces. 

The  forination  cf  lead  sulfate  was  in  agreement  vith  the 
Pourbaix  diagras,  but  the  rbSO.,  gave  slightly  different  spectra 
fro3  the  sulfates  examined  previously.  -\s  shown  in  Figure  4, 
the  sulfate  file  gave  an  exceptionally  strong  451  cjs  Rar'an 

band,  the  band  associated  with  the  0-S-O  bending  vibration  (13). 

% 

Infrared  reflection  spectra  also  had  a  sharp  band  at  451  as 

shown  in  Figure  5-  Such  a  vibration  is  not  infrareo  active  in 
norcal  sulfate  eex^poenda.  unusvial  intensity  of  the  451  C3s~“ 

band  is  assimed  to  be  due  to  a  distortion  of  the  nerrsai  lead  sul¬ 
fate  lattice. 

T!ie  broad  wave  at  '-0.G6  V  is  near  the  poten'  lal  where  fi.’cs 
composition  changed  fron  lead  sulfate  to  tetragonal  PbC, and  it 
asLy  he  diss  to  siich  a  txansiricn.  Lead  ooroxide  films  %fere  black 
?n  color  ar>d  gave  iv?  evidence  of  the  presence  of  sulfate.  The 
transition  fran  sulfate  to  FbO  was  not  considered  in  calculating 
the  Pourbaix  diagram,  since  this  reaction  was  not  anticipated. 

Ko  waves  ware  observed  at  higher  potentials  and  spectra  did 
not  indicate  a  change  to  the  PbO.,  predicted  by  the  Pourbaix  dia- 


gran. 


g-xposiires : 


v/xi-dation  of  lead  at  a  pH  of  11  was  predicted 


ll 

tc  fern  a  basic  lead  sulfate,  PbO-PbSO,,  at  cot.enti.als  betveea 
-C-45  V  aiid  -«-0.50  V  and  PbO^  at  higher  potentiila.  The  scluticri 
used,  O.i  rt  S-.SO  vith  enough  KOH  added  to  caXe  the  initial  pS 
il,  resulted  in  a  polariaacion  curve  with  only  one  clear  oxida- 
tic4i  feature.  The  experisestally  observed  wave,  or  group  of 
waves,  at  aTOroxioately  -0.30  V  represents  the  transition  frexs 
lead  stability  to  the  formation  of  an  oxidized  species.  The 
oxidative  change  seen  above  +0.80  V  in  Figure  2  could  represent 
a  transition  to  a  higher  oxidation  state,  but  it  is  probably  due 
to  the  decomposition  of  water  to  evolve  oxycsi. 

Potent  iosta tic  exposures  were  conducted  tliroughout  the 
potential  range  where  water  is  stable.  As  expeerted,  expesree 
at  lew  potentials  cave  extresely  lew  current  flos?  in  the  reduc¬ 
ing  direction,  and  no  Rasan  bands  were  c^served.  Lead  is  isstune 
to  oxidation  belcv  the  -0.30  V  wave  of  the  polarization  curve. 

All  exposures  at  higher  potentials  result-sd  in  the  forma¬ 
tion  of  tetrago?.al  PbO  surface  films.  An  oxidation  at  -0.34  V, 

■»  potential  higher  than  t-he  first  Ic^  of  the  oxidative  wave, 
resulted  in  a  filz.  v-hreh  gave  a  strong  tetragonal  ?nO  spectrus. 
Althouch  the  wave  at  -0.3C  V  seers  to  he  sade  up  of  three  se¬ 
parate  waves,  ail  exposures  at  potentials  above  -0.4S  V,  where 
the  current  recerded  in  the  polarisation  curve  first  bcc^2S» 
Gxidative.  formed  t'=»traoonai  PbO. 


Althouch  the  composition  c-f  the  films  vas  identified  as  r^>0 
Sazian  spectra  recorded  in  soIutiosT  were  sosaswhat  misleading.  In 
situ  spectra,  as  shown  m  Figure  6,  contained  rhe  strong  bands 
>r0  but  also  the  §30  cm  ^  band  characteristic  of 


of  tetragonal  " 


but  also  the  §30 


-ID- 

tits  304  sy?TOet"ic  stretcMng  vibration  zad  «  broad  fc-arjd  xn  the 
450  C3  ^  ragicn-  Except  for  the  broadness  cf  the  -^5C  C3  ^  baivd. 
these  spectra  look  like  a  sixture  of  PbO  and  PbSO, .  1*005  v::sh- 

Inc  the  szsples  thcrc-oghly ^  however,  those  bands  characteristic 
C'f  sulfate  disappeared.  Dry  sssple  spectra  indicated  only  tetra- 
gOTai  PbO.  The  sulfatd  bands,  which  can  be  dist incTuishec  frcsc 
those  of  ?bSO^  by  the  broad  45Q  css  *  band  (lead  sulfate  has 
two  sharp  bands  in  that  region,  at  4  39  and  451  are  d’ce 

*  th"  sulfate  of  the  solution.  The  bulk  sulfate  solution  cave 
the  saas  sulfate  spect-run.  The  chance  in  the  spectrun  caused  by 
washlnc  the  sarples  was  evidence  that  spectre  of  both  wet  and 
dry  samples  ore  needed  to  distingiiish  solution  or  adsorbed 
species  frees  those  conpo*ands  which  were  actually  part  of  em 
insoluble  surface  fila. 

The  possibility  that  the  ^arface  layer  night  consist  of 
PbO'PbSO,  as  predicted  by  th**  Pourbaix  diagrac;  calcuiaticns  vat 
investigated.  Aithc..-n  spectra  of  the  sarrple  surfaces  identifier 
tetragonal  PbO,  Paran  spectra  of  the  basic  sulfate  are  not 
available  for  cceparison.  Infrared  reflection  st>eccra  confirmed 
that  tetragonal  PbC  was  t*  ,  corpound  present.  Comparison  with 
pKihiished  infrared  spectra  of  PbO-PbSO,  (14)  indicated  that  this 
cosjoand  was  not  prejsent. 

The  oxidation  currents  recorded  cur  me  potentiostatic  ex- 
pesures  and  potent iocyciasic  poiarizatior  crurve  reatsurecsents  con- 
firissd  that  lead  sulfate  fores  TX>ze  protective  surface  fiirss  than 
does  PbC.  In  0.1  y  sulfate  solutions,  a!!l  of  which  had  approxi¬ 
mately  the  sane  conductivity  and  ionic  strength,  conditions  wiiich 
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ca-used  the  forsaticn  of  ?bO  resulted  in  net  current  flow  5-lG 
tises  greater  than  that  observed  v-hen  PhSO^  was  forrsed.  The 
SRallest  differences  were  noted  in  jw  6.5  exposures,  a  pH  near 
the  ziinirEis:  of  ?i>0  solvihility  (15),  out  evsn  in  those  conditions 
oxide  filss  all<a?ed  seasurably  higher  current  flow  than  sulfate 
filds-  The  ability  of  sulfates  tc  fors  an  insoit±jie,  passivat¬ 
ing  filr  on  lead  is  well  kncwn. 

Fxlc  Thickness:  Potentiostatic  oxidation  of  vapor  deposited 
lead  Hau^ples  was  conducted  so  that  the  thickness  of  the  result¬ 
ing  files  could  be  measured  and  their  spectra  recorded.  While 
fil^  of  organic  corpounds  on  silver  siirrors  have  slKyr#n  that 
fenan  spectra  of  fiiris  as  thin  as  50  S  can  be  recorded  (16,1?’. 
and  infrared  spectra  of  oxide  layers  as  thin  as  10  9.  have  been 
reported  (IS)  ,  the  ninicus  detectable  fils  thickness  varies 
widely  with  the  composition  of  a  thin  fils. 

A  lead  sulfate  fils,  seasured  to  be  2140  60  «  thick,  was 

fcmed  by  oxidation  at  -C.fao 
utes.  The  Hasan  spectrum  in  Figure  7  shews  that  the  strong  sul¬ 
fate  bands  are  clearly  visible.  The  infrared  spectrum  of  the 
sane  sasple,  shewr.  in  Figure  8,  is  an  excellent  '  ead  sulfate 
spectrun-  Exposure  of  solid  lead  electrodes  under  identical 
cendit:  ,r.s  :cmec  a  film  which  consisted  of  both  PbSO,  and  te- 

•f 

tragcnal  ?bC ,  but  the  vapor  deposited  sasple  showed  no  trace  of 
?bC.  Presumably  the  thin  sulfate  fila  was  not  thick  enough  to 
provide  the  diffusion  barrier  necessary  to  allow  formation  of 


in  0.1  y  H_S0,  for  fifteen  sin- 


an  underlying  ?b0  layer  (191. 
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It  is  esticated  that  a  lead  sulfate  fiira  approxinately  one 
tenth  of  the  2’ 40  S  thickness  would  still  give  spectra  with  sig¬ 
nal  to  noise  ratios  of  tvo  or  rsore,  the  ratio  considered  nec¬ 
essary  for  obsezrvation  of  a  band.  Filrts  as  thin  as  200  8  should 
be  identifiable  by  Ranan  and  infrarec  spectroscopy  with  very 
little  difficulty.  Single  spectroseter  scans  were  used  to  re¬ 
cord  all  spectra.  Greater  sensitivity  to  very  thin  files  could 
be  achieved  by  averaging  the  results  of  nuitiple  scans.  Sigrssl 
-  --raring  of  sore  than  one  scan  of  the  spectral  region  of  in¬ 
terest  would  increase  the  signal  to  noise  ratio  observed  and 
reduce  tre  ninitrjn  c-^-crtabie  thickness  (20). 


CGfCLUSIOXS 


In  Situ  Raxan  spectroscopy  and  ref lection-absorption  in¬ 
frared  spectroscopy  can  concltoiveiy  identify  the  conpouncs 
present  in  thin  corrosion  p- jduct  filtrs  on  r^tal  surfaces.  Us¬ 
ing  these  techniques,  the  Pourbaix  diacrac  fcr  lead  in  0.1  M 
sulfate  solutions  was  examined  and  the  surface  species  observed 
showed  only  partial  agreement  with  predictions  based  on  therro- 
cynaxic  equilibria.  Spectroscopic  a..iiysis  of  surface  filits 
during  and  after  potenticstatic  exposure  in  sulfate  solutions 
was  in  excellent  acreesent  with  potent iodynaric  polarization 
curves  but  the  oxides  and  sulfates  frequently  forzsed  vers  not 
those  predicted  in  the  rourbaix  diacrar.  The  ?5ajor  difference 
was  that  tetragonal  ?b0  was  found  osperisentaliy  in  rteutral  and 
basic  solutions  and  ?hO-Fh*3o,,  the  corpound  r-redicted  to  be 


stable  under  such  conditions,  was  net. 
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It  has  been  shcvn  that  spectra  of  sarple  surfaces  in  solu¬ 
tion  and  after  drying  are  both  needed  to  distinguish  between 
spectral  features  due  to  solution  species  and  tix)se  frees  ccss- 
pounds  ccrprisinc  insoluble  surface  fiiiis,  just  as  they  are  both 
needed  to  detemine  if  changes  occur  when  scsrples  are  removed 
fros  solution.  .Heasurenent  and  estisaticn  of  file  thicknesses 
have  shown  that  the  Paean  and  infrared  techniques  can  identify 
coiii^onen t s  ^n  li  i  as  thin  as  200  a  and  analyse  the  entirety 
of  files  as  thick  as  one  eicren. 
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?IGUH£  CAPTIOSS 


rig-ure  1.  Pojpbalx  diagrar:  for  rhe  ?i>-H_0-S0.  svster;  at 
25°  C  for  a„  =0.1,  ' 

Figxire  2.  ?otentiodyTiar£ic  pclarizaticr  curvx>'S  for  lead  in 
0-1  H  sulfate  solutions,  scan  rate  40  nsV/sin. 

Raisan  spectra  of  a)  lead  in  0.1  34  H.SO,  after  2C 

hours  at  -s-O-SG  V,  b:  lead  ir  O.I  M  «..S’5  if  ter 

18  hours  at  -0.26  V,  c)  ?b50.  covdert 

^  * 

Rasan  spectra  of  a)  lead  surface  after  19  hours 
at  -G.i6  V  in  0.1  M  K_S0, ,  h'.  PbSC.  Dowcer. 

It  4  " 

Infrared  reflection  spectra  obtained  free  lead  ex¬ 
posed  in  0.1  K  sulfiiric  acid,  pH  =  0.9,  at  -80  Y 

SHE  for  20-5  hours.  a)  parsliel  polarization,  h) 

perpendicular  polarization. 

Figure  6.  Has^an  spectra  of  lead  e>:posed  to  pH  11,  0.''  H 
sulfate  solution  for  18.5  hours  at  -0.34  ''  re¬ 
corded  with  the  sarg>le  in  solution  and,  after 
washing,  in  air;  and  the  ?^-en  spectrur  cf  the  pH 
ii,  O.i  .M  sulfate  solution. 

Figure  7.  P-anan  spectnsr  jf  a  2140  angstrom?  thick  *ilr  of 
FbSC,  made  frer  a  vaocr  deposited  lead  sarrple  by 
exposure  at  .'.SO  V  for  15  rinutes  in  0.1  H  H,SC,. 

The  *’e  .  at  790  and  920  cr*.  “  are  grating  choits. 

Figure  8.  Infrared  reflection-absorption  spectra  of  a  2140 
ancstrer;  thick  PbSO,  file  race  free  a  vapor  de¬ 
posited  lead  sarrple:  The  tvo  spectra  were  re¬ 
corded  With  two  different  pciari zatior.s  of  the  in¬ 
frared  bear;.  For  thin  files  only  light  with  its 
electric  vector  parallel  to  the  plane  cf  incidence 
interacts  with  the  surface  species. 


Figure  3. 


Figure  4. 
Figure  5. 
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